Abstract Discontinuous precipitation of copper has been held responsible for much of the embrittlement of ancient silver objects. The detailed characteristics of this precipitation have been suggested as possible indicators of an object's age and authenticity. These proposals are considered in the light of metallographic and analytical studies of several embrittled artifacts. These studies indicate that discontinuous precipitation is much less significant for embrittlement than residual stresses due to retained cold-work and externally applied stresses due to burial, and that the precipitation characteristics cannot be used for authentication.
Introduction
Discontinuous precipitation of copper has been thought responsible for corrosion-induced and microstructurally induced embrittlement of ancient silver [1, 2] . The eminent metallurgist C. S. Smith also stated that ''silver alloys of any antiquity containing over about three percent copper are invariably brittle'' [1] . By this, he apparently meantthe text is not entirely clear-that the brittleness was due mainly to corrosion along grain boundaries where discontinuous precipitation had occurred.
The idea that copper precipitation could result in microstructurally induced embrittlement was proposed by Werner [2] . This was taken up by Schweizer and Meyers [3] , who suggested also that the widths and detailed morphology of discontinuous precipitation might enable verification of the age, and hence authenticity, of silver artifacts [4, 5] .
This article considers discontinuous precipitation of copper in the light of the foregoing assertions and suggestions. Use is made of seven case studies of embrittled ancient silver artifacts. Four of these studies were done at the NLR. The remaining three were done elsewhere.
Discontinuous Precipitation of Copper in Silver

Basic Characteristics of Discontinuous Precipitation (General Information)
Discontinuous precipitation is growth of a two-phase product behind a moving grain boundary that relieves a supersaturated a matrix, the reaction being a ? a 0 ? b, see Fig. 1 . The adjective ''discontinuous'' refers to an abrupt change in matrix composition (a: a 0 ) and not to the precipitate morphology.
The reaction begins with nucleation of b at the grain boundary. As it moves, the grain boundary collects solute from the supersaturated a matrix, and the precipitate phase b is then supplied with solute by grain-boundary diffusion, which is much faster than solute diffusion in the matrix. The result is that the b precipitates can grow while remaining attached to the moving grain boundary. In turn, this often results in a lamellar microstructure behind the grain boundary, as indicated in Fig. 1 , although this is not the case for copper in silver, as is discussed in the next section. Figure 1 also shows schematically, via colorshading, that the depleted matrix, a 0 , in the precipitation zone has changed its crystallographic orientation from grain 2 to that of grain 1. This is an essential characteristic of discontinuous precipitation [6] .
Copper in Silver
Discontinuous precipitation of copper in silver-copper alloys was first investigated by Fraenkel [7] . Many studies followed, e.g., Refs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . All these studies involved precipitation experiments (aging) at elevated temperatures, usually above 200°C. Figure 2 illustrates the development of discontinuous precipitation in standard silver [8] . There are several noteworthy features, also visible in other studies [1, 3, 5, 11, [13] [14] [15] [16] [17] :
(1) The precipitate colonies can be very variable in size, Fig. 2(b) and (c), and their appearance is mostly finely mottled, not lamellar. A lamellar microstructure often does not occur, especially at lower aging temperatures [13] . (2) Colonies can grow in opposite directions from adjacent or overlapping sites on the same original grain boundary. This occurs in other alloys too [21] . In view of the precipitation mechanism, this phenomenon is difficult to explain [22] . (3) Although the original grain boundaries are slightly curved or straight, the new grain boundaries formed by the moving reaction fronts are irregular. At low magnifications, this irregularity gives the new grain boundaries a meandering, wiggly appearance [1] . Figure 3 is a compilation of discontinuous precipitate growth rates versus aging temperatures for modern silvercopper alloys annealed before aging. The ordinate and abscissa scales assume Arrhenius reaction kinetics that enable straight-line extrapolations of the data to lower aging temperatures. These extrapolations suggest a maximum growth rate of 10 -3 lm/year at ambient temperatures. For artifacts 1000-2000 years old this means maximum precipitate widths of 1-2 lm. These would be visible from metallography, but there are two caveats. First, Fig. 3 shows that it is a long way from precipitation at 200°C to possible precipitation at ambient temperatures. Besides uncertainty in the extrapolations, there is also no guarantee that Arrhenius reaction kinetics apply over the whole range. Second, elevated temperature tests have demonstrated incubation times before precipitation began [18] . At ambient temperatures, the incubation times could be very long: centuries or even millennia. Nevertheless, some ancient silver shows what is reasonably assumed [1, [3] [4] [5] or proven [23, 24] to be discontinuous precipitation of copper, and it might have occurred mainly at ambient temperatures.
The Case Studies
Five of the ancient embrittled silver artifacts are portrayed in Figs. 4-8. The Gundestrup Cauldron, Egyptian Vase, and Roman Kantharos (drinking cup) are about 2000 years old. The Byzantine Paten (altar plate) and Romanesque Kaptorga (small container for relics and amulets) date, respectively, from the seventh and tenth centuries AD. The sixth case is a Sasanian King's Head dating from the fourth century AD [25] ; and the seventh is described only as a silver alloy sheet [1] . The artifacts vary in form and provenance. This variety is an advantage for assessing the overall significance of discontinuous precipitation of copper in ancient silver. Table 1 lists the techniques, besides visual examination, used to examine small samples from the artifacts. Limitations were imposed by the available samples and techniques: Fractography could not be done on embedded metallographic samples from the Cauldron and Paten; chemical analyses other than energy-dispersive x-ray spectroscopy (EDX) were not possible for the Vase and Kaptorga; electron backscatter diffraction (EBSD) was available only for the Cauldron; and Smith [1] and Lefferts [25] most probably did not have access to a scanning electron microscope (SEM). Also, only a sample from the Kantharos inner cup was available to the NLR, and although fractography was possible, the sample was too fragile to be prepared for metallographic examination. Tables 2 and 3 survey the results, which have been described previously [1, [23] [24] [25] [26] [27] [28] [29] [30] , but not all together and not with the emphasis on discontinuous precipitation of copper. The results relevant to this theme will be considered in the following sections, but in the meantime it should be noted that the Vase and Cauldron case studies have demonstrated the primary importance of retained cold-work in causing and facilitating corrosion-induced embrittlement [23, 24, 26] . This is also likely for the Paten, which underwent large-scale breakage along annular indented grooves, see Fig. 6 . Making these grooves would have introduced significant residual stresses [23] , and the Paten was probably not subsequently annealed.
Discontinuous Precipitation of Copper and CorrosionInduced Embrittlement
Intergranular corrosion-induced embrittlement of ancient silver has been attributed, at least partly, to discontinuous precipitation [1, 2, 31] . However, Tables 2 and 3 show that discontinuous precipitation occurred in the corrosionembrittled Paten, Head, and Sheet, but not in the Vase and Kaptorga and the embrittled Cauldron samples. Furthermore, the one Cauldron sample that contained discontinuous precipitation was unembrittled. Thus, this type of precipitation is not necessary for intergranular corrosion-induced embrittlement (in the case of the Cauldron it was innocuous), but it may facilitate the embrittlement process [30] . This is discussed in the next main section of the article. Discontinuous precipitation of copper at grain boundaries would not be expected to be relevant to transgranular corrosion-induced embrittlement of ancient silver. Tables 2  and 3 show that transgranular corrosion-induced embrittlement occurred in one Cauldron sample and the Vase, and in both cases discontinuous precipitation was absent.
Discontinuous Precipitation of Copper and Microstructurally Induced Embrittlement
There have been three suggestions for the cause of microstructurally induced embrittlement in ancient silver. These are lead precipitation at grain boundaries [32] , atomic segregation of lead to grain boundaries [26] , and discontinuous precipitation of copper along grain boundaries [1] [2] [3] . Table 2 shows that discontinuous precipitation of copper was not present in the microstructurally embrittled Vase and Kantharos samples. This negates the suggestion of microstructural embrittlement by copper, which is anyway untenable on modern empirical [8, 32] and theoretical [33] grounds. In fact, the best evidence against microstructural embrittlement by copper is provided by Norbury's mechanical property data [8] . Figure 9 shows these data: Although discontinuous precipitation of copper caused large changes in tensile strength and elongation, the minimum tensile elongation was about 34%, which still indicates high ductility and certainly not embrittlement. The most likely perpetrator of microstructurally induced embrittlement is lead [23, 26, 29, 32, 33] , particularly because of Thompson's and Chatterjee's [32] experiments, and also because the next likely perpetrator is bismuth [33] , which was not detected by chemical analysis of samples from the Vase and Kantharos, see Table 2 .
Discontinuous Precipitation, Copper Content, and Embrittlement
As mentioned in section 1, Smith stated that ''silver alloys of any antiquity containing over about three percent copper are invariably brittle'' [1] . However, Table 3 shows that the unembrittled Cauldron sample, which exhibited extensive discontinuous precipitation, contained 3.44 wt.% copper. Hence, the causality between discontinuous precipitation, copper content (above 3 wt.%), and embrittlement is less certain than stated by Smith. This argument can be expanded. Figure 10 is a probability plot of copper content in ancient silver objects of at least 95% purity. This figure includes data for the Vase and three samples from the Cauldron, and data ranges for the Kantharos and Kaptorga. The copper contents of the Kantharos, Vase, and embrittled Cauldron samples, which did not contained discontinuous precipitation, were below 3 wt.%. The Kaptorga samples, also not containing discontinuous precipitation, had copper contents above 3 wt.% and close to that of the unembrittled Cauldron sample containing discontinuous precipitation. Thus, there is no definitive relationship between discontinuous precipitation, copper content, and embrittlement.
Discontinuous Precipitation of Copper and Authenticity
The suggestion by Schweizer and Meyers [4, 5] that ancient silver artifacts could be authenticated by the characteristics of discontinuous precipitation concerns two aspects, the precipitate width and its detailed morphology. This suggestion can be evaluated using the reaction kinetics information in Fig. 3 and metallographic results for the Cauldron [23, 24] . Fig. 9 Effect of 30 min aging on the ambient temperature mechanical properties of 720°C solutionized and quenched standard silver, Ag-7.5 wt.% Cu [8] Fig. 10 Probability plot of copper in ancient silver containing at least 95 wt.% silver [23] , with addition of the ranges in copper content for the Kantharos and Kaptorga, see Table 2 Figure 11 is a previously unpublished SEM metallograph from a series taken for the unembrittled annealed sample 366 from the Cauldron. There is extensive discontinuous precipitation along the grain boundaries, and the widths of the precipitates vary widely, from about 2 lm to at least 20 lm. Furthermore, since the Cauldron is approximately 2000 years old, the extrapolations in Fig. 3 indicate that under ambient temperature conditions the maximum precipitate width should be about 2 lm, as mentioned previously. Clearly, the extrapolations are inapplicable and cannot be used for dating an ancient artifact, even if the precipitate widths would be uniform.
With respect to the detailed morphology of the precipitate, Schweizer and Meyers [4, 5] suggested that it might form regular lamellae, whose spacing would depend on the aging temperature such that one could distinguish between genuine long-term precipitation at ambient temperatures and short-term precipitation at elevated temperatures. However, Fig. 11 shows that the precipitate appears amorphous and finely mottled-there is no suggestion of a lamellar microstructure. This is consistent with many other results, including the samples examined by Schweizer and Meyers and the optical metallographs in Fig. 2 .
Thus, like the precipitate widths, the precipitate microstructure cannot be used for dating an ancient artifact.
Nevertheless, the occurrence of discontinuous precipitation in a silver artifact may be regarded as additional evidence of antiquity, combined with information on provenance and stylistic features.
Discussion
These seven case studies have shown that discontinuous precipitation of copper in ancient silver is much less significant than was previously thought and suggested [1] [2] [3] [4] [5] . In particular, the proposed primary role of discontinuous precipitation in the embrittlement process [1, 2] is seen to be non-existent. At the most, this type of precipitation may facilitate the process of intergranular corrosion-induced embrittlement. This suggestion is made because the cracking process starts with intergranular corrosion pitting [30] , which is most probably due to local strains at the grain boundaries, owing to dislocation pile-ups, and copper segregation to the boundaries. Copper segregation to the grain boundaries, either atomically or by precipitation, would make the grain boundaries anodic compared to the silver matrix, thereby facilitating electrochemical dissolution of the boundaries.
As mentioned earlier, two of the case studies, the Vase and Cauldron, have demonstrated the primary importance of retained cold-work in causing and facilitating corrosioninduced embrittlement [23, 24, 26] .
The primary role of retained cold-work is emphasized by the fact that it suppresses or inhibits discontinuous precipitation. This is concluded from the Cauldron samples: Only the unembrittled annealed sample 366 showed discontinuous precipitation, even though it had a lower copper content than the embrittled cold-worked sample 361, see Table 3 . Furthermore, recent studies indicate that corrosion-induced embrittlement is a form of stress corrosion cracking (SCC) [29, 30] . In artifacts with retained cold-work, the residual stresses act in combination with the burial environment to cause mainly intergranular cracking, as in the embrittled Cauldron samples and the Head, see Tables 2 and 3 . Higher amounts of retained cold-work increase the tendency for transgranular cracking, as in the Vase and sample 365 from the Cauldron. The argument for SCC has been extended to include annealed artifacts like the Kaptorga, which because of its hollow and thin-walled geometry would have experienced high externally applied stresses from the weight of the soil during burial [30] .
Conclusions
(1) The significance of discontinuous precipitation of copper for the embrittlement of ancient silver is limited. Discontinuous precipitation may facilitate the process of intergranular corrosion-induced embrittlement, but is not the primary cause. Nor is it responsible for transgranular corrosion-induced embrittlement and microstructurally-induced embrittlement, which is most probably due to lead. 2) The characteristics of discontinuous precipitation cannot be used to determine the age and authenticity of silver artifacts. However, when combined with information on provenance and stylistic features, the occurrence of discontinuous precipitation in a silver artifact may be regarded as additional evidence of antiquity.
